A bile acid-inducible NADP-linked 7a-hydroxysteroid dehydrogenase (7a-HSDH) from Clostridium sordellii ATCC 9714 was purified 310-fold by ion-exchange, gel filtration, and dye-ligand affinity chromatography.
transformation into Escherichia coUl DH5oe-MCR. The EcoRI fragment was shown to contain a truncated 7at-HSDH gene, while the HindHI fragment contained the entire coding region. E. coli clones containing the HindIll insert expressed high levels of an NADP-linked 7a-HSDH. Nucleotide sequence analyses suggest that the 7a-HSDH is encoded by a monocistronic transcriptional unit, with DNA sequence elements resembling rho-independent terminators located in both the upstream and downstream flanking regions. The transcriptional start site was located by primer extension analysis. Northern (RNA) blot analysis indicated that induction is mediated at the transcriptional level in response to the presence of bile acid in the growth medium. In addition, growth-phase-dependent expression is observed in uninduced cultures. Analysis of the predicted protein sequence indicates that the enzyme can be classified in the short-chain dehydrogenase group.
During their enterohepatic circulation, the primary bile acids of humans, cholic and chenodeoxycholic acids and their taurine and glycine conjugates, are susceptible to a variety of transformations by the intestinal microflora. These transformations include the hydrolysis of the amide linkage of the conjugated bile acids, hydrolysis of their sulfate esters, dehydrogenation of ring hydroxy groups, epimerization of ring hydroxy groups, and dehydroxylation of ring hydroxy groups (31) .
The 7-dehydroxylation of bile acids is considered to be the most important of these reactions in a qualitative sense, because of the potential toxicity of the secondary bile acid products. Although the reaction products (deoxycholic acid and lithocholic acid) may constitute a significant proportion of the circulating bile acid pool, the ability to carry out the reaction is apparently restricted to a few species, mainly in the genera of Clostridium, Eubacterium, and possibly Bacteroides (14, 27, 29, 31) . On the other hand, the presence of bile acid and steroid dehydrogenases appears to be widespread among intestinal as well as soil microflora, having been reported in Escherichia coli (40) and species ofAlcaligenes (48) , Bacteroides (14, 32, 41, 46, 54) , Bifidobacterium (18) , Clostridium (11, 15, 16, 34) , Enterococcus (6) , Eubacterium (19, 28, 37) , Peptostreptococcus (17, 28) , Pseudomonas (43, 55, 56) , Ruminococcus (1, 2), and Streptomyces (36) .
The dehydrogenation of bile acids and steroids displays several interesting features. The majority of those bacterial steroid and bile acid dehydrogenases which have been characterized at the sequence level are related as members of the short-chain alcohol dehydrogenase family (8, 49, 60) . As additional enzymes active on a variety of substrates are identified as members of this family, investigators will have available a unique data set which can be used for studies on the role of specific residues and domains on enzyme conformation, substrate specificity, and reaction stereospecificity.
The regulation of expression of these enzymes varies depending on the enzyme and the source organism. In organisms such as E. coli and a Eubacterium sp., for example, the 7at-hydroxysteroid dehydrogenase (7xt-HSDH) is expressed constitutively (8, 19, 40) , while two 3ot-HSDHs from the Eubacterium sp. are inducible by bile acids containing a 7ot-hydroxy group (13, 23, 58) . The 7a-and 70-HSDHs of Clostridium limosum and Clostridium absonum are induced by chenodeoxycholic acid and repressed by ursodeoxycholic acid (34, 38, 39, 57) . In Bacteroides spp., the appearance of 7ct-HSDH activity is both growth phase dependent and bile acid inducible (32, 54) . Despite these observations of bile acidmediated regulation of gene expression, little is known about the molecular mechanisms responsible for this phenomenon.
Clostridium sordeifii ATCC 9714 (formerly Clostridium bifermentans) has previously been demonstrated to express inducible 7ot-dehydrogenase as well as 7ot-dehydroxylase and conjugated bile acid hydrolase activities (3) (4) (5) 26) (Fig. 1) . The presence of all three of these activities in one organism, the fact that they are bile acid inducible, and the availability of a related Clostridium sp. which can be genetically transformed (33) make this organism an attractive model system to begin genetic studies on the regulation of these enzyme systems by bile acids. To begin to address these studies, we have cloned and sequenced the NADP-linked 7ot-HSDH gene from C. sordelli and have analyzed its regulatory properties as described below.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. sordellii ATCC 9714 was obtained from P. B. Hylemon, Medical College of Virginia, Virginia Commonwealth University. E. coli DH5a-MCR (GIBCO-BRL, Gaithersburg, Md.) was used as a host strain for cloning and subcloning manipulations. C. sordelli was grown on brain heart infusion medium (Difco Laboratories, Detroit, Mich.) supplemented with yeast extract (10 g/liter), fructose (2 g/liter) VPI mineral salts (30) (40 ml/iter), hemin (2 mg/liter, added from 1,000X stock in 10 mM NaOH), cysteine (0.5 g/liter), and sodium carbonate (4 g/liter). Medium was maintained under anaerobic conditions after autoclaving by cooling under positive pressure with nitrogen gas. Cells were grown at 370C under nitrogen gas. Chenodeoxycholic acid (Sigma Chemical Co., St. Louis, Mo.) was added to a final concentration of 0.4 mM when cells had reached an optical density at 600 nm of 0.2, and cells were harvested in the early stationary phase of growth (optical density at 600 nm = 1.4 to 1.5). E. coli strains were grown in Luria-Bertani medium supplemented with ampicillin (100 ,ug/ml) when appropriate.
Purification of 7at-HSDH. All 7a-HSDH purification steps were performed at 40C unless otherwise indicated. Bacteria were harvested by centrifugation at 6,000 X g for 15 min. The harvested pellet (20 g) was suspended in 60 ml of 100 mM sodium phosphate-1 mM EDTA-10 mM 2-mercaptoethanol, pH 7.0, and ruptured by a single passage through a French pressure cell at 12,000 lb/in2. After addition of approximately 2 mg of DNase, the extract was centrifuged at 12,000 X g for 90 min. The supernatant was decanted and adjusted to 40% saturation with solid ammonium sulfate. The supernatant obtained after centrifugation at 12,000 X g for 30 min was adjusted to 65% saturation with addition ammonium sulfate, and after centrifugation as described above, the pellet was recovered and resuspended in 20 ml of 20 mM sodium phosphate-i mM EDTA-10 mM 2-mercaptoethanol, pH 7.0 (buffer A). The suspension was dialyzed overnight against 4 liters of buffer A and applied at 0.5 ml/min to a DEAESepharose CL-6B column (Pharmacia, Piscataway, N.J.) (5 by 12 cm) equilibrated with buffer A. The column was then washed with buffer A (approximately 100 ml) until a stable baseline was obtained, as measured by monitoring the optical density of the eluent at 280 nm. Proteins were then eluted at 1 ml/min with a linear gradient of 0 to 1 M sodium chloride in buffer A. Fractions (10 ml) were collected, and a portion of each was monitored for 7at-HSDH activity. Active fractions were precipitated by the addition of solid ammonium sulfate to 70% saturation and centrifuged at 12,000 X g for 30 min. The pellet was resuspended in 6 ml of 20 mM sodium phosphate-100 mM sodium chloride-1 mM EDTA-10 mM 2-mercaptoethanol, pH 7.0 (buffer B), and applied at a flow rate of 0.5 m/min to a Sephacryl S-300 column (1.5 by 85 cm). Proteins were eluted with buffer B at 0.5 ml/min, and 5-ml fractions were collected and assayed for 7ot-HSDH activity. Active fractions were combined and concentrated by ultrafiltration through an Amicon YM-10 membrane. The concentrated active fractions were diluted 10-fold in 50 mM sodium phosphate-1 mM EDTA-5 mM 2-mercaptoethanol-0.1% Triton X-100-10% glycerol, pH 7.0 (buffer C), and then applied to a 10-ml column of reactive red 120-agarose (Sigma Chemical Co.) equilibrated with buffer C. The column was washed with 15 ml of 50 mM NaCl in buffer C, and 7a-HSDH was then eluted with 1 M NaCl in buffer C. (42) . Transformed colonies on agar plates were transferred to nitrocellulose disks and lysed in situ as described by Berent et al. (9) . Filters were treated at 70'C for 2 h in vacuo and then washed, prehybridized, and hybridized as described by Woods (59) . Oligonucleotides were labeled with [-y-32P]ATP (3,000 Ci/mmol; New England Nuclear Corp.) and T4 polynucleotide kinase as described by Maniatis et al. (42) . Unincorporated label was removed with Nensorb 20 (20) . Sequence information was submitted to GenBank with AUTHORIN (GenBank, Intelligenetics, Inc., Mountain View, Calif.).
Induction experiments. C. sordefii cultures (500 ml) were sampled at various time points before and after addition of sodium chenodeoxycholate to a final concentration of 0.1 mM. Samples (41 ml) were placed in polypropylene centrifuge tubes containing chloramphenicol (final concentration = 125 jig/ml).
The samples were then cooled immediately on ice, a 1-ml aliquot was removed for measurement of the optical density at 600 nm, and the remainder was centrifuged at 8,000 X g for 15 min in two aliquots, one 10 ml (for enzymatic assay) and one 30 ml (for RNA extraction). The 10-ml pellet was resuspended in 2 ml of 30 mM Tris-HCl-100 mM NaCl-3 mM EDTA, pH 7.4 (buffer R), containing 1 mM dithiothreitol, while the 30-ml pellet was suspended in 1 ml of buffer R containing 1% SDS and 100 pug of proteinase K per ml. Samples were then frozen at -70'C until processed further. Cell suspensions for enzymatic measurements were disrupted by thawing and sonicating for 1 min with a Branson 450 Sonifier at 50% duty cycle. The lysates were then centrifuged at 100,000 X g for 1 h before aliquots were assayed for protein and 7c-HSDH activity.
RNA isolation and analysis. RNA was isolated from C. sordelli as described by Ausubel et al. (7) . Cell samples from the 30-ml cultures described above were thawed on ice and sonicated at 50% duty cycle for 1 min. The lysates were then heated at 37°C for 1 h before being extracted twice with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol) and once with chloroform-isoamyl alcohol (24:1, vol/vol Expression of 7a-HSDH in E. col. E. coli strains were grown to late logarithmic phase in Luria-Bertani medium and harvested by centrifugation. Crude extracts were prepared by suspending the pellet in 2 volumes of 50 mM sodium phosphate, pH 7.0, and rupturing the suspension in a French pressure cell at 12,000 lb/in2. Crude lysates were then centrifuged at 100,000 X g for 1 h, following which the supernatants were dialyzed overnight against 1 liter of 50 mM sodium phosphate-i mM dithiothreitol, pH 7.0. Extracts were assayed spectrophotometrically and also following polyacrylamide gel electrophoresis for both NAD-and NADP-linked 7a-HSDH activity by the assays described above.
Nucleotide sequence accession number. The nucleotide sequence of the DNA fragment containing the 7ot-HSDH gene has been submitted to GenBank with the accession number L12058.
RESULTS AND DISCUSSION Induction of 7a-HSDH. As shown in Fig. 2 , 7a-HSDH activity is expressed in C. sordefiii in both the absence (open symbols) and presence (closed symbols) of bile acid in the growth medium, reaching maximal levels in both cases during the early stationary phase of growth. However, cells grown in the presence of bile acid synthesize 7a-HSDH at levels approximately 10-fold higher than in uninduced cells. This observation suggests that at least two levels of control are operative in the regulation of 7a-HSDH, one responsive to the growth phase of the cell and the other responsive to the presence of bile acid in the growth medium. Transcriptional analyses (see below) are also included in Fig. 2 and show a similar pattern of growth-phase induction with increased expression when bile acid is present in the growth medium. Previous studies on dehydroxylation and dehydrogenation of bile acids by C. sordelli demonstrate that these activities are also present during growth on cholic acid (4, 5) . In addition, we have demonstrated 7a-HSDH induction in C. sordellii by growth in the presence of 0.1 mM deoxycholic acid. This finding is noteworthy since deoxycholic acid lacks a 7-hydroxy group. A similar response to deoxycholic acid has been observed with the inducible bile acid 7at-and 70-dehydrogenases of C.
absonum (38) . Although unlikely, the possibility that the induction seen in these cases is due to the presence of trace 7-hydroxylated (Fig. 4) HpaI   10  20  30  40  50  60  70  80  90  AAC TTG ACA CCA GAT GTA TAT TTT ATT AGA GAG TTT AAT CCA GAT GAA ATG AGA TTT GAC TGT GAT GGG GAA AAA CTT TCT TTA ACT Thr Ile   100  110  120  130  140  150  160  170  180  AGT TTT GAT GTT AAT TAA ATA TTA TTT AAA TAT AAA GAT AGC CAG TTT TTC TGG CTA TTT TTT ATT ATA TTA TTA AAT TTA TCA (21) is indicated by asterisks. The amino acid sequence corresponding to that determined experimentally by N-terminal analysis is underlined. The nucleotide sequence at the N terminus which is a subpopulation of the probe I mixture is also underlined.
reading frame included codons for the identical amino acid residues determined by the N-terminal amino acid analysis of the purified 7a-HSDH and the corresponding sequence contained in a subpopulation of probe I (bases 325 to 344). Downstream (25 bp) from the termination codon of this ORF was a sequence resembling a rho-independent terminator (AG37-C = -11.9 kcal [ca. -49.8 kJ]/mol). In the upstream region, the presence of another rho-independent terminatorlike structure (AG37-C =-9.1 kcal [ca. -38 kJ]/mol) suggests that the ORF extending through base 108 encodes the carboxyl terminus of a peptide. The region from the end of this putative upstream terminator (base 153) to the start codon for the 804-base reading frame is characterized by an extremely low G+C composition (14% G+C compared to 28 and 29% for the upstream and downstream ORFs, respectively). This base composition pattern is also seen in the region downstream from the 804-base ORF, with.a G+C composition of 13%. The entire sequenced region has an overall base composition of 25% G+C.
The region upstream from the 804-base ORF contains sequences with homology to previously recognized promoter sequences from gram-negative and gram-positive organisms (24, 47, 51 (Fig. 4) CTE3DH   EUB3DH1  EUB3DH2  EC03KR  EUB7DH  CS07DH  EC07DH  STV3KR   STH20DH  36  32  33  36  35  29  31  32   CT1E3DH   100  29  30  28  30  30  31  30  EUB3DH1  100  90  33  30  29  27  26  EUB3DH2  100  34  30  29  27  25  ECO3KR  100  35  34  31  28  EUB7DH  100  48  34  33  CSO7DH  100  34  33  ECO7DH  100  29 a See Fig. 6 legend for sequence abbreviations.
"The GCG DISTANCES program was used to calculate scores based on a cutoff value of 1.5 (residue identity) and the alignment shown in Fig. 6 . The total number of matches for each pair is divided by the length of the shortest member of that pair to obtain the identity score, expressed as a percentage. 
. Amino acid sequence homologies between nine bacterial HSDHs and closely related short-chain dehydrogenases aligned with the GCG PILEUP program. Below the actual protein sequences are listed various consensus sequences generated with the GCG DISTANCES program. ALLCON, nine members; 7DHCON-3, residues conserved in the three 7a-HSDHs (CS07DH, EUB7DH, and ECO7DH); TPNCON, residues conserved in the most closely related NADP-linked enzymes (CSO7DH, EUB7DH, and ECO3KR). For 7DHCON and TPNCON, residues unique to either are noted by lowercase letters. PJKCON, the 13 residues which are identical in all (uppercase) or most (lowercase) of the 20 short-chain dehydrogenases examined by Persson et al. (49) . For actual sequences, highly conserved or identical residues are indicated in uppercase letters. The C. sordellii sequence is marked by the horizontal arrow. Underlined residues around position 40 are polar residues which may be involved in cofactor specificity. The Asn residue of STV3KR in the otherwise highly conserved -Y---K-region is also underlined. Sequence abbreviations: STH20DH, Streptomyces hydrogenans 3cL,20P-HSDH (44) ; CTE3DH, Comamonas testosteroni 3P-HSDH (60); EUB3DH1 and EUB3DH2, Eubacterium sp. strain VPI 12708 3a-HSDHs involved in bile acid 7-dehydroxylation (23); CSO7DH, C. sordeiii 7a-HSDH (this work); EUB7DH, Eubacterium sp. strain VPI 12708 7a-HSDH (8); ECO7DH, E. coli HB101 7a-HSDH (61); ECO3KR, E. coli 3-keto-(acyl carrier protein) reductase (fatty acid biosynthesis) (50); STV3KR, S. violaceoruber putative 3-keto reductase (polyketide biosynthesis) (53).
The nine HSDHs and closely related proteins are shown in alignment in Fig. 6 . The consensus sequence ALLCON listed below the alignments indicates that five of the six highly conserved residues (PKJCON) of the short-chain dehydrogenase family (49) are also found in the C. sordeiii 7a-HSDH and its close relatives. Exceptions are found in that this group of sequences lacks the conserved Gly-18. In addition, the highly conserved Lys-170 is apparently replaced by Asn-170 in the case of the S. violaceoruber 3-oxoacyl reductase.
The consensus sequences 7DHCON and TPNCON show additional residues which are conserved in particular sequence subsets exclusive of those residues conserved throughout the entire group. TPNCON shows the residues which are conserved between the two NADP-linked 7a-HSDHs and the NADP-linked 7a-HSDHs and the NADP-linked E. coli 3-keto reductase. 7DHCON shows those residues conserved in the three 7a-HSDHs (NADP or NAD linked). Although definitive conclusions cannot be drawn from such a small number of sequences, the differences between 7DHCON and TPNCON may be indicative of residues which play a role as cofactor determinants (TPNCON) versus residues which play a role as 7a-hydroxy group determinants (7DHCON). There also appears to be some correlation between the polarity of charged amino acid residues in the region around amino acid 37 
